In the yeast Saccharomyces cerevisiae, the sugar-induced expression of various genes coding for glycolytic enzymes is triggered by increases in the concentrations of different internal metabolites. Here, we show that the induction of the glycolytic isoenzyme enolase 2 is strictly dependent on the abilities of different mutant strains to increase the level of glucose-6-phosphate after the addition of sugars. In contrast, the induction of alcohol dehydrogenase I is dependent on increasing concentrations of metabolites in the late stages of glycolysis.
In the yeast Saccharomyces cerevisiae, the sugar-induced expression of various genes coding for glycolytic enzymes is triggered by increases in the concentrations of different internal metabolites. Here, we show that the induction of the glycolytic isoenzyme enolase 2 is strictly dependent on the abilities of different mutant strains to increase the level of glucose-6-phosphate after the addition of sugars. In contrast, the induction of alcohol dehydrogenase I is dependent on increasing concentrations of metabolites in the late stages of glycolysis.
With the yeast Saccharomyces cerevisiae, the presence of fermentable sugars in the growth medium leads to the activation of glycolysis and fermentation (1, 9) . Increasing concentrations of glycolytic metabolites as the triggering signals for the induction of some of the genes coding for glycolytic enzymes have already been discussed (1, 3, 10) . We investigated the abilities of several deletion mutants specifically blocked at different steps of carbohydrate metabolism to induce expression of the glycolytic genes ENO2 and ADH1 (Fig. 1) . The addition of sugars to these mutants leads to the accumulation of metabolites above the metabolic block while the concentrations of metabolites below decrease. Therefore, sets of these mutants can be used to characterize putative signalling metabolites.
Induction of ENO2-encoded enolase. S. cerevisiae has two genes coding for enolase, one of which, ENO1, is expressed constitutively while the other, ENO2, is induced up to 20-fold after the addition of glucose to cells grown with ethanol as a carbon source (6, 7) . We constructed a yeast strain with a deletion of the constitutively expressed ENO1 gene. The region from bp ϩ690 to ϩ1123 of the open reading frame of the ENO1 gene was replaced by the TRP1 gene and combined with deletions in genes coding for various enzymes of carbohydrate catabolism. The PGI1 gene, encoding phosphoglucose isomerase, was deleted as described previously (4) . The PMI40 gene, coding for phosphomannose isomerase, was PCR amplified with two specific primers according to the published sequence (15) , and a 153-bp fragment starting from bp ϩ680 was replaced by the LEU2 gene. A total of 637 bp of the GAL7 gene, coding for galactose-1-phosphate-uridyl-transferase (14), were replaced by the URA3 gene. All strains used in this work were derived from an isogenic set of wild-type strains (kindly provided by K.-D. Entian, Frankfurt, Germany).
Enolase activities were assayed in crude extracts according to the method in reference 9. Cells were collected at different times (0, 1, 2, 4, 6, and 8 h) after the addition of different kinds of sugars (0.5 to 2%) to ethanol-grown overnight cultures of wild-type and mutant strains. The strains were grown to an optical density at 600 nm of about 1 before sugars were added (1). The results show that induction of enolase 2 activity is strictly dependent upon the abilities of the different strains to increase their levels of glucose-6-phosphate or a nonglycolytic metabolite derived from it (Table 1; Fig. 1 ). After the addition of glucose to the pgi1, pmi40, gal7, and hxk1/2 (12) deletion mutants, enolase activity increased to levels similar to those in the corresponding wild-types, while the addition of fructose to the pgi1 mutant or the addition of mannose to the pmi40 mutant could not induce ENO2. The addition of galactose to the gal7 mutant and the addition of fructose to the hxk1/2 mutant led to slight inductions. Interestingly, the addition of 2-deoxyglucose to the wild-type strain caused a great increase in enolase 2 activity. Furthermore, the addition of xylulose, which can be converted into glycolytic metabolites via the nonoxidative part of the pentose phosphate pathway, led to a significant increase in enolase 2 activity in wild-type cells but not in the pgi1 mutant strain. A strain with its phosphoglucose isomerase and glucose-6-phosphate dehydrogenase genes deleted (2) showed high levels of enolase activity already during growth on ethanol. The high basal level of enolase activity correlated with a great amount of glucose-6-phosphate in the pgi1/zwf1 mutant strain after growth on a yeast extract-peptone-ethanol medium (19 nmol/mg [dry weight] in the mutant strain compared with 1 nmol/mg [dry weight] in the corresponding wild-type strain). The accumulation of glucose-6-phosphate can be explained by the trace amounts of glucose (around 0.015%) in the complex medium and the complete inability of the pgi1/zwf1 strain to catabolize glucose-6-phosphate (2) .
Induction of ADH1-encoded alcohol dehydrogenase. Alcohol dehydrogenase in S. cerevisiae is encoded by at least four genes. The ADH1-encoded isoenzyme is inducible by glucose and is mainly responsible for the formation of ethanol (5, 8). An ADH1/lacZ fusion was integrated once into the ura3 locus of the wild-type strain and a pgi1 mutant strain (1). The ADH1/ lacZ fusion was constructed by inserting a 4.1-kb DNA fragment containing the complete 5Ј region of ADH1 and the first 431 bp of the coding region into the vector YIp357 (11). ␤-Galactosidase activities were assayed as described previously (13) after the addition of different carbon sources to ethanol-grown cells (Table 2) . Whereas in a pgi1 mutant strain the addition of fructose led to a partial increase in ␤-galactosidase activity, the ADH1 promoter did not respond to the accumulation of glucose-6-phosphate after glucose addition. Interestingly, deletion of the PYK1 gene, which encodes pyruvate kinase (3), caused an even stronger induction of ␤-galactosidase activity compared with that induced in the wild-type strain after glucose or galactose addition. In a pyruvate kinase mutant, large amounts of three-carbon glycolytic metabolites accumulate after the addition of sugars (3). These results point to an increase in the concentration of one or several metabolites in the late stages of glycolysis as the triggering signal for ADH1 induction.
Most probably, induced expression of ENO2 and ADH1 is mediated at the transcriptional level, although we cannot completely exclude the possibility of posttranscriptional regulatory effects in our study. Previously, it was demonstrated that the complete induction of pyruvate kinase depends on the accumulation of hexose-6-phosphates (1), whereas full induction of pyruvate decarboxylase activity is triggered by an increase in the concentrations of glucose-6-phosphate and glycolytic three-carbon metabolites (3) . Together, these data suggest a complex mode of glycolytic gene regulation by gene-specific signals which correlate with distinct variations in the levels of internal metabolites (Fig. 1) .
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